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ABSTRACT
Mechanochemical synthesis based on ball-milling of individual oxides was applied as a one-step preparation technique for CuO-CeO2 catalyst
for preferential CO oxidation in H2 excess. The mechanical energy dose transferred to the original powder mixture determines both the
catalyst composition and activity. It is found that after 90 min of milling (corresponding to a dose of 372 kJ mol–1), a mixture of 10 wt.%
CuO-CeO2 powder exhibits a CO conversion of 97% at 423 K. Four active oxygen states, which are not observed in case of pure CeO2, were
detected in the nanocomposite lattice and attributed to the presence of Cu in surface sites as well as in subsurface bulk sites of CeO2, in nearest
neighbor and next nearest neighbor positions. Correspondingly, oxidation of CO to CO2 was found to occur in a two-stage process with
Tmax = 395/460 K, and oxidation of H2 to H2O likewise in a four-stage process with Tmax = 426/448/468/516 K. The milled powder consists
of CeO2 crystallites sized 8–10 nm agglomerated to somewhat larger aggregates, with CuO dispersed on the surface of the CeO2 crystallites,
and to a lesser extent present as Cu2O.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109067
I. INTRODUCTION
CuO-CeO2 catalysts are widely used in commercially and eco-
logically important processes, especially in CO-preferential oxida-
tion (CO-PROX) - low temperature oxidation of CO in excess
hydrogen (Li et al., 2010; Maciel et al., 2011; Martínez-Arias et al.,
2013; Wongkaew et al., 2013; Galvita et al., 2014; Monte et al.,
2014; Yao et al., 2014; Ding et al., 2018; Hossain et al., 2018; Jing
et al., 2019; and Zhao et al., 2019). Cu successfully substitutes for
platinum group and gold group metals (Me) in Me-CeO2 systems
(Avgouropoulos et al., 2002; Shapovalov and Metiu, 2007; Kim et al.,
2008; and Liu and Corma, 2018). CeO2 is a promoter of CO-PROX
reaction due to its easy reducibility, high oxygen storage capabil-
ity, and high oxygen mobility. The latter is stimulated by formation
of surface and lattice point defects, induced by Cu incorporated
into the CeO2 surface (Vanpoucke et al., 2014; Elias et al., 2016).
Thus, the synergetic interaction between CuO and CeO2 is the
major factor in the catalytic activity and selectivity of this system.
The active sites for CO oxidation are located at interfaces between
both oxides, as follows from detailed studies of CuO-CeO2 and
inverse CeO2-CuO supported catalysts (Senanayake et al., 2013;
Zeng et al., 2013). X-ray photoelectron spectroscopy (XPS) measure-
ments show the appearance of a new oxygen state different from that
in CuO and CeO2, which is attributed to low-coordinated oxygen
located near surface or subsurface defects or oxygen in the sur-
face hydroxyl groups (Tang et al., 2005; Kydd et al., 2009; Borchers
et al., 2016; Song et al., 2016; and Ren et al., 2017). Synergy in CuO
and CeO2 redox properties is proven by temperature programmed
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reduction (TPR) experiments confirming a significant decrease
in the reduction temperature, as compared to individual oxides
(Ren et al., 2017; Liu and Flytzani-Stephanopoulos, 1996; Qi and
Flytzani-Stephanopoulos, 2004; and Polster et al., 2009). Both are
indicative of a new CuO-CeO2 composition being formed: CuO
nanoinclusions in CeO2 or CuxCe1-xOy solid solutions. However, the
real nature of these active structures (solid solution, lattice defects,
surface clusters, etc.) is still under discussion. According to results
found in literature, the best catalyst composition contains approxi-
mately 5 wt.% CuO in CeO2 (Il’ichev et al., 2006; Luo et al., 2007). All
catalyst preparation techniques are concentrated on designing nano-
materials with enlarged CuO-CeO2 interfaces. Correspondingly, cat-
alytic properties observed in catalysts prepared by different tech-
niques are very similar. The most commonly used techniques are wet
impregnation, co-precipitation, sol-gel method, urea-nitrate com-
bustion and hydrothermal methods (Yang et al., 2009; Prasad and
Rattan, 2010 and references therein; Maciel et al., 2012; and Cecilia
et al., 2017).
In this work, mechanochemical synthesis by ball-milling is
applied to prepare CuO-CeO2 systems containing 10 wt.% CuO and
90 wt.% CeO2 from individual oxides. Two major processes are real-
ized under the ball milling: powder intermixing and severe plastic
deformation. The collisions with the balls result in high local surface
pressures up to 10 – 20 GPa (Streletskii, 1991), concurrent powder
intermixing leads to nanocomposite materials with high concen-
trations of structural defects and enlarged interfaces between the
components. This method is carried out rapidly, is of low cost, and
ecologically friendly. With the use of mechanochemical synthesis
we obtained a series of CuO-CeO2 composites, the structural, mor-
phological, redox and catalytic properties of which were studied in
dependence of the milling conditions. The samples were tested in
CO-PROX reaction and characterized by Brunauer-Emmett-Teller
(BET) adsorption isotherms, X-ray diffraction (XRD), high resolu-
tion transmission electron microscopy (HRTEM), X-ray photoelec-
tron spectroscopy (XPS), and temperature-programmed reduction
(TPR) measurements. A constant concentration of CuO in CeO2 was
chosen in order to focus on the effect of milling conditions on the
catalyst.
II. METHODS
10 wt.% CuO-CeO2 powders were prepared by ball-milling of
CuO and CeO2 powders with specific surface areas S < 1 m2 g–1 and
S = 89 m2 g–1, respectively. Oxides were obtained by decomposi-
tion of Cu(NO3)2⋅2.5H2O and Ce(NO3)3⋅6H2O (both of 99% purity,
Aldrich) in air by heating with a rate of 7 K min-1 up to 773 K and
subsequently calcinating at this temperature for two hours. Before
milling, copper oxide and ceria powders were mixed in an agate
mortar. Ball-milling was carried out in air at room temperature
under static conditions in a mechanochemical reactor fixed to the
vibrator. A stainless steel container was loaded with 1.8 g of CuO-
CeO2 reaction mixture, consisting of 0.18 g of CuO and 1.62 g of
CeO2, together with 15.3 g of hardened steel balls with diameter
3 – 5 mm; the vibration frequency was 50 Hz with an amplitude of
7.25 mm; the average energy intensity was 0.8 W/g. The powder was
milled for 30, 60, 90 and 120 min, corresponding to energy doses of
124, 248, 372 and 496 kJ mol–1, respectively (CuO: 79.545 g mol-1;
CeO2: 172.115 g mol–1).
The specific surface area S was measured by the Brunauer-
Emmett-Teller (BET) method using low-temperature Ar adsorption.
Chemical analysis was performed by atomic absorption spec-
troscopy (AAS) with a ThermoScientific iCAP 6300 Duo. The bulk
composition after different stages of treatment (original, as milled, as
reduced and as-used in CO-PROX) was studied by X-ray diffraction
(XRD) using a Dron-3 diffractometer with Cu-Kα radiation. The
powder phase composition was determined using JCPDS files pro-
vided by the International Center for Diffraction Data. Quantitative
X-ray phase analysis was performed with a fitting procedure, where
the experimental spectra were approximated with a linear combina-
tion of the theoretical spectra of phases and the background using
optimized values of lattice parameters and parameters of broaden-
ing of the diffraction maxima of phases (Shelekhov and Sviridova,
2000). Crystallite sizes were calculated using the Scherrer equation
(Scherrer, 1918) and according to Shelekhov and Sviridova, (2000)
in the case of CeO2.
Microstructure and morphology were studied by scanning
(SEM), transmission electron microscopy (TEM), and high reso-
lution transmission electron microscopy (HRTEM). SEM micro-
graphs were obtained with a Philips SEM 515. TEM and HRTEM
investigations were carried out on a Philips CM 200 UT electron
microscope operated at an accelerating voltage of 200 kV equipped
with an energy dispersive X-ray spectroscopy (EDS) system. Pow-
dered sample particles were distributed on 3mm gold grids covered
by an amorphous carbon film.
The surface composition, chemical and electronic state of Ce,
Cu and O atoms were investigated by X-ray photoelectron spec-
troscopy (XPS). XPS spectra were recorded with a PHI 5000 Ver-
saProbe electron spectrometer (ULVAC-Physical Electronics, USA)
using 25 W Al-Kα radiation. The samples were placed in the fore-
chamber of the system, which was pumped down to 10–7 Pa and
held under vacuum for 24 h to minimize the influence of oxygen
from the atmosphere. XPS spectra of reference samples CuO, Cu2O,
Ce2O3 and CeO2 were measured under the same conditions. Binding
energies were referenced to the C 1s line at 285 eV from adven-
titious carbon and identified using the ULVAC-PHI MULTIPAK
program.
Temperature-programmed reduction experiments (H2-TPR
and CO-TPR, respectively) for original and as-milled powders were
carried out under conditions of differential scanning calorimetric
analysis (DSC) and thermogravimetric analysis (TG) on a simulta-
neous TG-DTA/DSC apparatus (NETZSCH STA 449C, Germany)
equipped with a mass-spectrometer (MS) AEOLOS-32 in a tem-
perature range of 323 – 673 K with a heating rate of 10 K/min.
Samples of 15 mg were loaded and dried in He flow under tem-
perature programming conditions from 293 to 473 K. After the
samples were cooled to 293 K and pumped 3 – 4 times, a reduc-
tion agent consisting of 10 vol.% H2/Ar-He or 10 vol.% CO/Ar-He
was introduced with a flow rate of 80 ml/min; for experiments like
these, 10% of active agent in inert gas is typical, see, e.g. Zeng et al.
(2013), He acts as carrier gas in the setup. All gases were of 99.999%
purity.
The catalytic activity was tested in the temperature range
of 323 – 673 K without pre-treatment. A flow set-up was
equipped with a quartz reactor (tube diameter 3 mm) combined
with a gas-preparation system and a gas-chromatograph with a
thermal-conductivity detector and analytic columns (NaX(13A) and
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Porapak QS). The reactor was charged with 20 mg of the catalyst;
the reaction mixture (98 vol.% H2, 1 vol.% CO and 1 vol.% O2) was
blown through the reactor with a flow rate of 40 ml min–1.
III. RESULTS
A. Microstructure, morphology, and reducibility
of starting CuO and CeO2
Figure 1 shows SEM micrographs and an XRD spectrum of
the CuO powder. It consists of the monoclinic tenorite (JCPDS
5-661). The original powder exhibits rounded agglomerates consist-
ing of plate-like particles 1 – 3 µm in diameter and about 0.1 µm
thick, shown in Fig. 1a). The original powder is very brittle and
its morphology has completely changed after 60 min of milling: a
fine powder with agglomerates consisting of flat clustered particles is
obtained, see Fig. 1b). Figure 1c) shows XRD patterns of CuO orig-
inal (spectrum 1) and milled for 60 min (spectrum 2). Significant
XRD peak broadening suggests remarkable crystallite size reduction
from about 30 to about 5 nm, and a high concentration of structural
defects. The CeO2 powder is shown in Fig. 2: it adopts a fluorite-
type fcc structure with lattice constant a = 541.1 pm. The powder
particles are non-uniform in size and in shape: rather large particles
coexist with much smaller ones, see Fig. 2a). Smaller particles are
often lumped together on the surfaces of large particles. The powder
becomes more uniform and more compact after 60 min of milling,
see Fig. 2b). However, an insignificant change in XRD peak broad-
ening is observed, see Fig. 2c). The crystallite size remains virtually
unchanged at about 10 – 12 nm.
Figure 3a) shows TG curves recorded for CuO reduction under
H2-TPR conditions, and Fig. 3b) shows TG curves corresponding to
CO-TPR of original and as-milled CuO powders. The morphologi-
cal changes affected the kinetics of CuO reducibility: the processes
in both H2 and CO are carried out faster and at remarkably lower
temperatures. As can be seen, 50% of CuO transformation to Cu
is realized at 552 K in case of as-milled and instead of 694 K for
original powders (CuO contains ∼20 wt.% of oxygen; the mass loss
from 100% to 90% is 10% - half of the oxygen is taken away). The
powder originally consisting of unmilled CuO still contains about
22 wt.% CuO, 68 wt.% Cu2O, and 10 wt.% Cu after heating to 673 K.
The CuO powder milled for 60 min contains about 8 wt.% CuO,
69 wt.% Cu2O, and 23 wt.% Cu, according to quantitative XRD
analysis. No reduction of CeO2 original and as-milled was observed
during H2-TPR. This is likely due to the absence of surface sites
suitable for H2 dissociative chemisorption. Figure 3c) shows TG
curves corresponding to CO-TPR of original and as-milled CeO2
powders. As-milled CeO2 reduces faster than as-received powder in
spite of a remarkable decrease in specific surface area from about
90 to about 46 m2 g–1. In terms of figures, CeO1.99 and CeO1.98
are formed after CO-TPR from original and as-milled ceria pow-
ders, respectively; the calculation revealed that only a small part
of the surface oxygen participates in the process. In terms of sur-
face single layer of one CeO2 unit cell thickness (541.1 pm), it was
about 10% and 25% for CeO2 original and milled, respectively. Thus,
instead of bulk reduction observed for CuO samples, only partial
surface reduction of CeO2 is carried out under the same CO-TPR
conditions.
Fig. 4 shows the temperature dependence of MS peak intensity
(m/e = 44, CO2) for original CuO and CeO2 powders, respectively.
FIG. 1. SEM images of a) original CuO powder containing rounded agglomerates
consisting of plate-like particles 1–3 µm in diameter and about 0.1 µm thick and
b) CuO powder milled for 60-min containing a fine particles with agglomerates
consisting of flat clustered particles. c) The XRD patterns of (1) CuO original and
(2) milled for 60 min.
The most important fact is that the two-stage CuO reduction (the
first stage is CuO to Cu2O reduction, the next stage is the final
transformation of Cu2O to Cu) is described in TPR by single peak
profiles in the temperature range of 323 – 673 K. It means that
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FIG. 2. SEM images of a) original CeO2 powder containing non-uniform in size
and in shape particles: rather large particles coexist with much smaller ones and
b) CeO2 powder after 60 min of milling containing more uniform and more compact
particles. c) The XRD patterns of (1) CeO2 original and (2) milled for 60 min.
FIG. 3. TG curves for a) CuO reduction under H2-TPR and b) CO-TPR for (1)
CuO original and (2) CuO 60-min milled. c) TG curves for CeO2 reduction under
CO-TPR for (1) CeO2 original and (2) CeO2 60-min milled.
only one type of oxygen participates in the reduction process. The
CO-TPR peak broadening depends on deviation in Ce-O and Cu-
O bond strength due to structural defects introduced by mechanical
stress.
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FIG. 4. CO-TPR. MS profile (m/e = 44, CO2) for (1) CuO and (2) CeO2 original
powders.
B. Effect of milling conditions on structure,
morphology, microstructure, and reducibility
of the CuO-CeO2 mixture
Figure 5 shows SEM micrographs of 10 wt.% Cu-CeO2 pow-
ders mixed in an agate mortar (original mixture) and milled for 60,
90 and 120 min. The powder morphology corresponds to changes
in morphology of the major component, ceria. Small CeO2 parti-
cles agglomerate together into large compact nanocomposites. In
response, the powder specific surface area reduces progressively with
increasing milling time. Remarkable compacting has taken place
between 90 and 120 min of milling. The effect of milling condi-
tions on structural parameters of 10 wt.% CuO-CeO2 is shown in
Table I.
FIG. 5. SEM images of a) 10 wt.% CuO-CeO2 powder mixed in agate mortar and
milled for b) 60 min, c) 90 min, and d) 120 min.
Figure 6 shows XRD patterns of unmilled CuO-CeO2 powders
and powders milled for 30, 60, 90 and 120 min (samples 1, 2, 3 and
4, respectively). The fcc fluorite type CeO2 and the monoclinic CuO
are the only phases detected in the original and in as-milled powders
(30, 60 and 90 min).
The CeO2 peak shapes and positions are virtually independent
of milling time. In spite of the powder particles becoming more
compact, the CeO2 crystallite size is in the range of 10 – 14 nm.
A broadening and a remarkable decrease in intensity of the
CuO XRD peaks are observed with increasing milling time. After
120 min of milling, only CeO2 peaks are present in the XRD pattern.
According to the Scherrer equation, the CuO crystallite size reduces
from 30 to 7 – 10 nm after 90 min of milling. Although no CuO
phase is detected after 120 min of milling, AAS analysis shows that
the Cu content is virtually constant.
The temperature programmed reduction technique (TPR)
allows examining the oxygen state in oxide phases of different struc-
ture and morphology. In this study, H2 and CO are used as probe
molecules for oxygen state diagnostics in CuO-CeO2 nanocompos-
ites. The nanocomposite reducibility in H2 and CO are described in
terms of H2O and CO2 yield: the total H2O or CO2 amount formed
during TPD runs are normalized to the powder mass or specific sur-
face area. This parameter also characterizes direct participation of
lattice oxygen in CO/H2 oxidation.
Figure 7 shows H2-TPR profiles for CuO and CuO-CeO2 pow-
ders mixed in an agate mortar and milled for 30, 60, 90 and 120 min
in terms of H2O formation: i.e. changes in MS peak intensity
recorded during H2-TPR.
Figure 7a) shows MS (m/e = 18, H2O) profiles for pure milled
CuO and CuO mixed with CeO2 without milling. The peak intensity
is normalized to the CuO content. As mentioned above, no reduc-
tion of pure CeO2 during H2-TPR is observed. Thus, it is possible
to compare reduction features for CuO powders with and without
ceria. The total transformation CuO + H2 → Cu + H2O is achieved
in both cases. The process goes as a single-step reduction (Rodriguez
et al., 2003; Kim et al., 2003). Reduction of milled CuO starts approx-
imately 50 K lower than that of CuO mixed with ceria, but proceeds
much slower. Contrary to a broad TPR profile for milled pure CuO, a
rather sharp and narrow TPR profile for the mixed CuO-CeO2 pow-
der is observed. The peak broadening depends both on powder size
distribution and deviation in Cu-O bond strength due to structural
defects introduced by mechanical stress, the concentration of which
seems to be significantly higher in the case of pure CuO as compared
to the CuO-CeO2 mixture. Figure 7b) shows H2-TPR MS profiles for
CuO-CeO2 powders milled for 30 – 120 min. The H2-TPR curves are
shifted to lower temperatures, as compared to pure CuO. Two-peak
profiles with rather good MS peak division, see Figure 7b), are the
special feature of these TPR spectra.
This means that at least two different independent processes are
carried out during H2-TPR in case of the milled CuO-CeO2 sam-
ples, i.e. two different reactive oxygen loci are created under milling
conditions. The low-temperature H2-TPR peak percentage progres-
sively increases from 16% to 30, 43 and 47% as milling time increases
from 30 to 120 min. Heat release is also estimated for this peak
on base of DSC and MS data (m/e = 18, H2O). In contrast to the
virtually unchanged heat release of about –70 kJ mol-1 H2O found
for the high-temperature process, it falls down from –321 to –176,
–165 and –148 kJ mol–1 H2O, while the milling time changes as
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TABLE I. Effect of milling conditions on structural parameters of 10 mass% CuO-CeO2.
Milling CeO2 Lattice CeO2 Crystallite CuO Crystallite CuO contentc Specific surface
Sample time [min] const. [pm] sizea [nm] sizeb [nm] [wt.%] area [m2/g]
CeO2 original 541.1 ∼10 90
CeO2 milled 60 ∼10 46.5
CuO-CeO2 original 541.2 ∼16 ∼30 10 82
Sample 1 30 541.2 ∼10 ∼14 9.4 46
Sample 2 60 541.2 ∼12 ∼12 8 44
Sample 3 90 541.6 ∼11 ∼7 8 40.6
Sample 4 120 541.2 ∼13 0 20
aCalculated on base of Shelekhov and Sviridova (2000).
bCalculated by the Scherrer equation from the line broadening of CuO {111} peaks.
cCalculated from XRD spectra quantitative analysis (Yang et al., 2009).
30, 60, 90 and 120 min, respectively. H2-TPR parameters are listed
in Table II.
CO-TPR is an especially sensitive probe to discriminate and
quantify various oxygen species in different CuO-CeO2 structural
composites such as surface or subsurface solid solutions (Liu and
Flytzani-Stephanopoulos, 1995; Sedmak et al., 2003; and Galvita
et al., 2014), CuO-CeO2 dimeric structures (Kydd et al., 2009),
monocrystals (Galvita et al., 2014), and/or CuO nanofragments dis-
tributed in CeO2 matrix (Liu and Flytzani-Stephanopoulos, 1995;
Wang et al., 2004; Luo et al., 2007; Wang et al., 2015; and Shang
et al., 2017). Moreover, it gives direct information about a key step
of CO-PROX reaction.
Figure 8 shows DSC, DTG and MS CO-TPR profiles for CuO-
CeO2 powders milled for 30, 60, 90 and 120 min. DSC and DTG
profiles for CeO2 milled without CuO for 60 min are also shown
for comparison. MS data in Fig. 8c) are normalized to the sam-
ple weight. Peak positions were obtained by Gaussian fitting. As
FIG. 6. XRD patterns of 10 wt.% CuO-CeO2 powders milled for (1) 30 min
(sample 1), (2) 60 min (sample 2), (3) 90 min (sample 3) and (4) 120 min
(sample 4). For comparison, XRD pattern of original 10 wt.% CuO-CeO2 mixture
is added.
mentioned above, see Figure 4, CO-TPR profiles for CuO and CeO2
both show single peak profiles. As can be seen in Fig. 8, three-to-
four-peak profiles are observed for CuO-CeO2 powders milled for
60 and 90 min. The TPR profile of the 120-min milled powder shows
a different appearance: the low-temperature peak has the same
FIG. 7. H2-TPR. MS profile (m/e = 18, H2O) for (a) CuO as-milled and CuO–CeO2
as-mixed and (b) CuO-CeO2 powders milled for (1) 30 min, (2) 60 min, (3) 90 min
and (4) 120 min.
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TABLE II. H2-TPR parameters. Experimental error of estimations is 10 – 15% due to MS calibration and DSC peak separation.
CuO-CeO2 surface Low T Low T MS peak Low T Qc High T High T MS peak High T
Sample/milling time compositiona [wt.%] Tmax [K] fractionb [%] [kJ/mol H2O] Tmax [K] fractionb [%] Qc [kJ/mol H2O]
CuO 60 min 100% CuO 566 100 –80
CuO/CeO230 min X% CuO-CeO2 485.4 16.2 –321 513.4 83.8 –69
CuO/CeO2 60 min 0.12% CuO-CeO2 472.2 29.5 –176 498.5 70.5 –69
CuO/CeO2 90 min 4.5% CuO-CeO2 479.6 43.5 –165 508.4 56.5 –68
CuO/CeO2 120 min 3.4% CuO-CeO2 486.4 47.1 –148 508.4 52.9 –65
aEstimated on base of DSC-DTG-MS data in suggestion that the high-temperature peak belongs to reduction of Cu oxides.
bCalculated on base of Gaussian fitting of MS (m/e = 18, H2O) curves.
cCalculated on base of Gaussian fitting of DSC and MS (m/e = 18, H2O) curves.
FIG. 8. CO-TPR profiles a) DSC, b) DTG and c) MS (m/e = 44, CO2) for CuO-CeO2 powders milled (1) 30 min. (2) 60 min, (3) 90 min and (4) 120 min in comparison with
DSC and DTG curves for CeO2 milled for 60 min. d) Gaussian fitting of MS profiles for 90- and 120-min milled CuO-CeO2 powders. MS data are normalized to the sample
weight.
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TABLE III. CO-TPR parameters. Experimental error of estimations is 10 – 15% due to MS calibration and DSC peak separation.
α Tmax α MS peak α Qb β Tmax β MS peak γ Tmax γ MS peak δ Tmax δ MS peak
Sample/milling time [K] fractiona [%] [kJ/mol H2O] [K] fractiona [%] [K] fractiona [%] [K] fractiona [%]
CuO 60 min ∼691 100
CuO/CeO2 30 min ∼420 16.1 –182 ∼446 13.5 ∼464 70.4
CuO/CeO2 60 min ∼421 19.6 –183 ∼449 12.3 ∼474 62. 0 ∼532 6.1
CuO/CeO2 90 min ∼426 26.4 –182 ∼448 5.5 ∼468 55.1 ∼516 13.0
CuO/CeO2 120 min ∼433 44.8 –195 ∼490 25 ∼513 30.2
aCalculated on base of Gaussian fitting of MS (m/e = 44, CO2) curves.
bCalculated on base of Gaussian fitting of DSC and MS (m/e = 44, CO2) curves.
position as that of the powders milled for 30 – 90 min (Tmax = 420
– 430 K), but the high-temperature peaks are shifted to higher tem-
peratures and merged into one. This hints on the fact that prolonged
milling leads to dramatic changes in the CuO-CeO2 nanocom-
posite microstructure. Unfortunately, XRD measurements give no
information because no observable CuO peaks are detected in the
corresponding pattern, see Figure 6. The low-temperature peak frac-
tion progressively increases to about 16, 20, 26 and 45% while milling
time increases from 30 to 120 min; a similar trend was found for
the low-temperature H2-TPR peak. However, contrary to H2- TPR,
FIG. 9. TEM images of the CuO-CeO2
mixture milled for a) 90 min, b) 120 min
and c) elemental mapping of the parti-
cle depicted in Fig. 9b) obtained by EDS.
Overview of the CuO-CeO2 nanocom-
posite powder shows small crystallites
sized about 10 nm gather in agglomer-
ations of varying sizes. The individual
crystallites seem to consist of CeO2.
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∆H roughly estimated for the low-temperature oxygen extraction is
virtually constant (∆H = –182 kJ mol–1 CO2). This value changes
insignificantly in case of the 120-min milled powder (∆H = –195 kJ
mol–1 CO2). It can be stated however that just like in the case of
H2-TPR, two to four different independent processes are carried out
during CO-TPR in case of the milled CuO-CeO2 samples; i.e. two
to four different types of reactive oxygen loci are created under the
milling. CO-TPR parameters are listed in Table III.
C. Effect of milling conditions on surface
microstructure and oxidation states of surface
elements
Fig. 9 shows TEM images of the CuO-CeO2 mixture milled for
a) 90 min, and b) 120 min, giving an overview of the CuO-CeO2
nanocomposite powder: small crystallites sized about 10 nm gather
in agglomerations of varying sizes. The individual crystallites seem
to consist of CeO2. Fig. 9c) shows elemental mapping of the particle
depicted in Fig. 9b) obtained by EDS exhibiting a rather homoge-
neous distribution of highly dispersed Cu in the CeO2 matrix; from
EDS, it cannot be determined whether Cu is present in elemental
form or as oxide. Figure 10 shows a HRTEM close-up of the CuO-
CeO2 mixture milled for 120 min. The particle surface seems to
consist of randomly oriented and tightly interfaced CeO2 crystallites.
The most frequently observed crystal lattice spacings are labeled in
Fig. 10 as spacing of CeO2 (d111 = 0.311 – 0.316 nm, d200 = 0.268 nm,
d110 = 0.300 nm). Direct measurements of lattice spacing in a Cu-
rich region gives d = 0.304 nm corresponding to Cu2O {110} planes.
Neither lattice fringes corresponding to pure CuO, nor those of pure
Cu could be detected. It should be noted that HRTEM images of the
samples milled for shorter times look quite similar, and here too,
only Cu2O lattice fringes could be detected.
FIG. 10. HRTEM micrograph of 10 wt.% CuO-CeO2 powder milled for 120 min with
analysis of lattice spacing attributed to CeO2 plane spacing and to d{110} Cu2O.
In order to investigate the changes in the CuO-CeO2 surface
chemistry, XPS measurements were carried out, and are displayed
in Fig. 11. XPS peaks corresponding to Cu 2p, Ce 3d, Ce MNN,
O 1s, Ce 4d are present in a survey XPS spectrum of CuO-CeO2
FIG. 11. XPS spectra a) Cu 2p region, b) Ce 3d region and c) O 1s region of
CuO-CeO2 powders milled for (1) 30 min, (2) 60 min, (3) 90 min and (4) 120 min.
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powders milled for 30, 60, 90 and 120 min, respectively (not shown).
No peaks corresponding to stainless steel from the ball-milling mate-
rial were detected. Figure 11a) shows Cu 2p spectra obtained from
samples milled for 30 – 120 minutes in comparison with spectra of
pure CuO and pure Cu2O. The satellite structures S1 and S2 at bind-
ing energies of 962 and 941 – 944 eV confirm the presence of CuO
in powders milled for 30 – 90 min. Concurrently, Cu2O traces, the
portion of which increases with milling time, are also present. The
Cu 2p3/2 peak, exhibiting a slight shift of 1 eV when moving from
Cu1+ (Cu2O) to Cu2+ (CuO), is shifted by about another 1 – 2 eV in
case of the sample milled for 90 min. A Cu2O-like state with a com-
plete loss of the satellites becomes dominant in the sample milled for
120 min. XPS data correlate with HRTEM results, see Fig. 10, where
a lattice spacing of d = 0.304 nm, corresponding to Cu2O {110} was
found. Figure 11b) shows Ce 3d spectra compared to those of pure
CeO2 and Ce2O3. As follows from comparison of Ce 3d spectra of
as-milled powders with spectra of CeO2 and Ce2O3, only Ce4+ cor-
responding to CeO2 is present on the surface of powders milled for
30 – 90 min. In contrast, dominantly Ce3+, corresponding to Ce2O3,
is detected on the surface of the powder milled for 120 min.
The O 1s spectra of CuO-CeO2 nanocomposites milled for dif-
ferent times are shown in Fig. 11c). The spectra are broad and consist
of two overlapping peaks due to the presence of two chemical states
of oxygen (Guzman et al., 2005; Xu et al., 2010). In addition to the
main peak at 529.3 eV corresponding to lattice oxygen in Cu- and
Ce-oxides, a shoulder at ∼530.8 eV is present in spectra of powders
milled for 30 – 90 min. The latter is usually attributed to highly
polarized or weakly charged oxide ions at the surface and inter-
face of nanocrystallites with unusually low coordination (Kullgren,
2012) or a mixture of hydroxyl groups on the surface of the catalysts
(Song et al., 2016; Ren et al., 2017). This oxygen state is common
for CuO-CeO2 catalysts prepared by different methods (Xu et al.,
2010; Kullgren, 2012; and Ren et al., 2017). The powder milled for
120 min dominantly contains surface oxygen, see Figure 11c), curve
4 (the curve with the peak situated to the left of the other three); the
main peak position at 531.2 eV is in perfect agreement with 531.3 –
531. 5 eV attributed to oxygen on the surface of Cu-oxides and Cu-O
films containing Cu0 and Cu1+ (Park et al., 2011; Svintsitskiy et al.,
2011).
D. Effect of milling conditions on nanocomposite
catalytic properties
The catalytic activities for CO-PROX reaction of CeO2 and
series CuO-CeO2 composites prepared by mechanochemical synthe-
sis are shown in Fig. 12. The activity of pure CeO2 is rather low: a
CO conversion of only 30% at 623 K is observed. With the addi-
tion of 10 wt.% CuO and mixing in an agate mortar, the activity is
slightly improved to a CO conversion of about 45% at 533 K. The
catalytic activity increases progressively after milling the 10 wt.%
CuO-CeO2 mixtures for 30, 60 and 90 min, respectively. However,
the composite milled for 120 min again shows less activity, compa-
rable with that of 30-min milled powder. The CuO-CeO2 composite
milled for 90 min has the best catalytic properties: CO conversion of
97% at 423 K, which is in good agreement with properties of CuO-
CeO2 catalysts prepared by different methods. The catalyst phase
composition was examined by XRD at maximal CO conversion
(423 K) and at zero CO conversion (503 K). At maximal activity, the
FIG. 12. CO conversion in CO2 as a function of reaction temperature for CeO2
milled for 60 min and CuO-CeO2 powders mixed in agate mortar and milled for
30 – 120 min. Reaction conditions: 98 vol.% H2, 1 vol.% CO and 1 vol.% O2, a
flow rate of 40 ml/min, 20 mg of the catalyst.
catalyst consists of 93 wt.% CeO2, 4 wt.% CuO and 3 wt.% Cu.
After the reaction, at 503 K, CuO was completely reduced: 92 wt.%
CeO2 and 8 wt.% Cu were detected. Redox cycles and catalytic activ-
ity cycles are reversible: the same CO conversion is reached after
heating and cooling the samples subsequently several times.
IV. DISCUSSION
In a previous work, we studied the catalytic behavior of a
Cu-CeO2 nanocomposite produced by mechanochemical synthe-
sis (Borchers et al., 2016). Similarities and differences between
CuO-CeO2 and Cu-CeO2 nanocomposites will be discussed in the
following.
Just as in case of the Cu-CeO2 nanocomposite, ball milling is
an effective and cheap method to produce CuO-CeO2 nanocom-
posites suitable for preferential oxidation of CO in the presence
of H2; nanocomposites prepared by this simple technique are
comparable in catalytic properties with catalysts synthesized by
different traditional preparation methods such as wet impregna-
tion, co-precipitation, sol-gel method, urea-nitrate combustion and
hydrothermal methods (Yang et al., 2009; Prasad and Rattan, 2010;
Maciel et al., 2012; and Cecilia et al., 2017). The CO conversion is as
high as 97% at 423 K after milling for 90 min in case of CuO-CeO2
nanocomposites, and 96% at 438 K after 60 min of milling in case of
Cu-CeO2 nanocomposites; the conversion is more or less the same,
whereas the milling time to reach the highest conversion is longer
for the CuO-CeO2 nanocomposites; this will be discussed in detail
further on.
The CuO-CeO2 (or Cu-CeO2) interaction is a necessary stage of
the active CO-PROX catalyst formation; redox properties of CeO2
modified by Cu ions are significantly different from those of CeO2
alone, see Fig. 8a). First, pure CeO2 exhibits a single-peak profile
whereas the milled mixtures exhibit two to three peaks in both cases,
and second, the peak temperature of about 570 K is more than
100 K higher than the high-T-peak of the mixtures. The CO-PROX
reaction is obviously a strong evidence for the presence of an active
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Cu-modified surface formed by close contact between the oxides.
As can be seen in Figure 12, the intermixing of the original oxides
in an agate mortar is already enough to create new active surface
sites and increases the amount of CO conversion. The ball-milling
treatment stimulates CuO-CeO2 interaction: the catalytic activity in
terms of CO conversion goes up, as the milling time changes from
30 to 90 min, corresponding to energy doses of 124 – 372 kJ mol–1.
After 120 min of milling, corresponding to an energy input of
496 kJ mol–1, the activity reduces again and becomes comparable
to the activity of the 30-min milled powder. The change in cat-
alytic activity is accompanied by a drastic change in bulk and surface
composition.
As shown in Fig. 6, no other phases except of the monoclinic
phase CuO and the cubic phase CeO2 are detected in XRD spectra of
CuO-CeO2 powders milled for 30 – 90 min. After 120 min of milling,
only CeO2 is observed in XRD. It seems that during mechanical
treatment, only CuO is pulverized. While according to XRD results
the CeO2 crystallite size remains virtually unchanged, the CuO crys-
tallite size changes from 30 to less than 7 nm after 90 min of milling.
The disappearance of CuO XRD peaks after 120 min of milling is
correlated with this trend. Thus, the high-energy ball milling results
in CuO particle size reduction and in chemical reduction of CuO to
Cu2O, as well as in intermixing with CeO2 powder, which in turn is
rather stable in morphology.
The XPS and HRTEM results both give information about the
subsurface and surface modification process. As shown by XPS, CuO
and CeO2 are predominantly present on the surfaces of samples
milled for 30 – 60 min. Concurrently, Cu2O traces, the portion of
which increases with milling time, are also present. It is, as stated
above, conspicuous that the Cu 2p3/2 peak, exhibiting a slight shift
of 1 eV when moving from Cu1+ (Cu2O) to Cu2+ (CuO), is shifted
by about another 1 – 2 eV in case of the sample milled for 90 min.
XPS studies of Cu3+ ions were performed by Healy et al. (1987),
Teterin et al. (1991), and Kataoka et al. (2011). They report Cu 2p3/2
peak positions at 932.7 eV (Healy et al., 1987), 935.0 eV (Teterin
et al., 1991), and 932.5 eV (Kataoka et al., 2011). However, Healy
et al. (1987) state that “great care must be exercised when interpret-
ing XPS studies of copper compounds in formal +2 or +3 oxidation
states . . .surface specific effects were significant and this may be a
general characteristic of Cu(III) compounds”. Recently, Elias et al.
(2014; 2016; and 2017), after close examination of CuyCe1–yO2 and
CuO + CuyCe1–yO2, came to the conclusion that the most active
species in catalysis are Cu3+ situated near the CeO2 surface. In view
of the observed Cu 2p3/2 peak shift observed in case of the sample
milled for 90 min, it cannot be excluded that this peak shift is due
to the presence of Cu3+ on the surface of this sample, or nearby.
On the other hand, Harrison et al. (2000) found that promotion
of ceria with Cu2+ enhances the activity toward oxidation of CO,
while Martínez-Arias et al. (2013) as well as Ding et al. (2018) state
that the most active sites for CO oxidation reaction are Cu1+ species
originating from partially reduced CuO. In the context of this work,
it cannot be decided conclusively whether Cu1+, Cu2+, or Cu3+ are
the active species; it can however be stated that most probably not
the oxide CuO but Cu ions are causal for CO-PROX, both in
case of the CuO-CeO2 and the Cu-CeO2 nanocomposites; this is a
significant similarity between both.
Another observation, which is in agreement with H2- and CO-
TPR data, is the appearance of a new oxygen state detected as a
shoulder of the main peak at 530.8 eV, see Fig. 11. As stated by
Kataoka et al. (2011), the maximum depth of XPS analysis is about
10 nm. For the CeO2 lattice, such a surface/subsurface layer is
17 – 18 unit cells thick. The concentration of Cu ions distributed
in a subsurface CeO2 layer was roughly calculated on base of CO-
TPR data assuming that the distribution is uniform. For the 90 min
milled powder with the best catalytic properties it gives 1 Cu ion
per 7 unit cells. It can however be assumed that the Cu dopant
concentration follows a gradient, steep near the surface, and increas-
ingly flat with increasing distance from the surface; this is corrobo-
rated by Gamarra et al. (2007). In the sample milled for 120 min,
surface oxygen as well as Cu1+ and Ce3+ become dominant. The
presence of Cu2O supports the conclusion of Palkar et al. (1996)
about the preferential stability of small Cu2O crystals as compared
to CuO. The appearance of Ce3+ can be explained by a significant
reconstruction of the most stable {111} surface of CeO2 in the pres-
ence of subsurface oxygen vacancies: the upper layers resemble the
Ce2O3 (0001) surface and “the structure could represent a precur-
sor to the phase transition of CeO2 to Ce2O3” (Fronzi et al., 2009).
The surface microstructure of 90- and 120 min milled CuO-CeO2
powders is shown in HRTEM images (Fig. 10). It is important to
note that no individual CuO nanofragments are detected. Direct
measurements of lattice spacings in a Cu-rich region gives d = 300 –
304 pm corresponding to Cu2O {110} planes. The Cu2O nanofrag-
ments sized about 5 nm detected on the surface are in good agree-
ment with the XPS results. HRTEM-based calculations also clarify
the local structure of CeO2 doped with CuO, which is different from
the bulk CeO2. In line with numerous publications, where varia-
tions in CeO2 cell dimension are discussed (Wang et al., 2005; Luo
et al., 2007; Kehoe et al., 2011; Lu et al., 2011; Vanpoucke et al.,
2014; and Wu et al., 2015), both cell expansion and cell contrac-
tion could be observed. On the one hand, a replacement of Ce4+
(92 pm) ions by smaller Cu ions (74 pm for Cu2+) could be respon-
sible for the lattice contraction; on the other hand, Cu ion incor-
poration is accompanied by a reorganization of the ceria lattice
and the formation of charge compensating oxygen vacancies, lead-
ing to larger Ce3+ ions (115 pm), resulting in a lattice expansion.
Additionally, {111}-terminated ceria nanocrystals exhibit a lattice
expansion because they are always cerium rich and concurrently
reduced (Kullgren, 2012). The high local surface pressure caused by
ball collisions might be another reason for the CeO2 lattice contrac-
tion (Streletskii, 1991; Wang et al., 2014). The only observed differ-
ence is between the surface morphologies of the 90- and 120-min
milled powders. In case of the latter, CeO2 {200} planes with
d200 = 266 – 272 pm are detected in addition to the dominant CeO2
{111} planes with d111 = 311 – 316 pm. This hints on a further
degradation of CeO2 crystallites under prolonged ball-milling. Thus,
HRTEM images directly demonstrate that both nanocomposite sur-
faces consist of CeO2 nanocrystallites doped with Cu ions, corrob-
orating the results discussed above concerning the active species
in CO-PROX. Just as in case of the Cu-CeO2 nanocomposite, one
can assume that the excellent catalytic properties of the CuO-Ce2O
catalysts are due to the fact that the formation energy of oxygen
vacancies in CeO2, Evac, is considerably reduced in the presence
of Cu (Lu et al., 2011). Additionally, Martínez-Arias et al. (2013),
Monte et al. (2014) as well as Yang et al. (2010) found interfa-
cial Cu-carbonyls as active sites, and Kydd et al. (2009) found that
adsorbate molecules of CO possess orbitals that interact with Cu
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3d orbitals, whereas the contracted nature of Ce 4f orbital creates
poor orbital overlaps. They also state that CO oxidation occurs via
the Mars-van Krevelen mechanism, where CO is adsorbed onto Cu
cations, and surface oxygen is abstracted to yield CO2, and simi-
lar for H2 oxidation. The main difference is “as H2 is nonpolar, it
must undergo dissociation prior to reaction. Conversely, the nucle-
ophilic nature of CO means it will readily adsorb onto cationic
Cu sites at the catalyst surface. As a result, catalysts containing
ionic Cu-oxygen bonds at the surface display high levels of activ-
ity and selectivity to CO oxidation at low reaction temperatures”
(Kydd et al., 2009).
There are three main differences between the CuO-CeO2 and
the Cu-CeO2 nanocomposites: the milling time to attain the high-
est catalytic activity is longer in case of CuO-CeO2 than in case
of Cu-CeO2, the peak temperatures are somewhat higher: Tmax =
426 K (CuO-CeO2) vs. Tmax = 395 K (Cu-CeO2), both are the low-T-
peaks, and last, but not least, TPR of CuO-CeO2 exhibits four peaks
after 90 min of milling, see Fig. 8d), while Cu-CeO2 only has two
(Borchers et al., 2016). The reason for the longer milling time of
the CuO-CeO2 nanocomposite is most probably the necessity for
the CuO to decompose: 156 kJ mol–1 have to be made available
(Knacke et al., 1991), which is not a problem with energy doses of
248, 372 and 496 kJ mol–1 after 60, 90, and 120 min of milling; it
might only take some extra milling time. The elevated temperature
of the low-T-peak might be due to the fact that after 60 and 90 min-
utes of milling, there still is some CuO as can be seen in Fig. 6;
assuming that some of this CuO has to be reduced before CO oxi-
dation, the necessary energy input would explain the temperature
rise as compared to Cu-CeO2. The fact that there are four peaks dur-
ing CO-TPR can easily be explained according to Lu et al. (2011):
In a density functional theory (DFT) study they find four different
oxygen vacancy formation energies Evac, depending on whether the
first O vacancy is in NN or NNN position of Cu, and whether the
vacancy is directly on the surface or not; the values are 0.98 eV (NN
pos., bulk), 0.67 eV (NN pos., surf.), 0.30 eV (NNN pos., bulk), and
0.04 eV (NNN pos., surf.). However, Paier et al. (2013) state that
“for a vacancy in CeO2 there are many different possibilities. . . even
more possibilities exist when dopants are involved,” doubting the
reliability of DFT calculations in this system. Four reaction mech-
anisms seem plausible, however; in case of the Cu-CeO2 catalysts
it was perhaps not possible to distinguish four peaks because of
overlap.
The last open question is: why is the performance of the sam-
ple milled for 90 minutes so much better than that of the one milled
for 120 minutes? The first was found to be the best catalyst, the sec-
ond lost activity in low-temperature CO oxidation. However, there
is evidence that the nanocomposite milled for 120 min should in
principle be the best catalyst: (i) the fraction of reactive oxygen
participating in low-temperature CO oxidation is 46.8% instead of
26.4%, see Table III; (ii) the low-coordinated surface oxygen is the
dominant oxygen state, see Fig. 11c). In both cases the nanocom-
posite surface microstructure is very similar. They consist of CeO2
nanocrystals with dominant CeO2{111} planes modified by Cu ions,
see Fig. 10. Additionally, the powders contain Cu2O, which is sup-
posed to be the most important component of active CuO-CeO2
catalysts. Nevertheless, the catalytic properties declined markedly,
see Fig. 12. There is only one explanation for this phenomenon: the
cuprous oxide fraction seems to grow substantially when milled for
longer times than 90 min; Cu2O blocks the CeO2 surface, the area
of which decreases. According to Svintsitskiy et al. (2013), the Cu2O
surface layer can be considered as a layer of approximately 9 nm
thickness. In such a case, the surface works mainly as a Cu2O sur-
face, which is also suitable for CO oxidation, but not in the presence
of H2. It is well known that when Cu, Cu2O, and CuO are compared
without the addition of CeO2, the activity of CO oxidation is highest
for Cu2O especially at lower temperatures like 413 K, where Cu and
CuO show no activity at all (Huang and Tsai, 2003). Nanocrystalline
Cu2O can easily be reduced to Cu metal which significantly stimu-
lates H2 oxidation at lower temperatures. Additionally, the activity
of pure copper oxide in terms of CO oxidation is lower, as compared
to CuO-CeO2 materials. Thus, the role of highly dispersed, par-
tially reduced copper oxide in CO-PROX reaction is clearly shown.
Cu1+, Cu2+ and perhaps Cu3+ ions are very important for CO-PROX
activity as dopants to the CeO2 surface.
V. CONCLUSIONS
Nanocomposite CuO-CeO2 catalyst for CO-PROX reaction
was prepared by mechanochemical synthesis from individual oxides.
The catalytic properties were controlled by mechanical energy trans-
mitted to the nanocomposite depending on milling time. The cat-
alyst surface consists of {111}-terminated CeO2 nanofragments,
which are doped by Cu1+, Cu2+ and perhaps Cu3+ ions and/or
affected by high local pressure due to ball collisions. Cu2+ and Ce4+
both are detected on the active catalyst surface. Final dispersion of
CuO after 120 min of milling into the CeO2 matrix results in a pro-
nounced decline of catalytic activity due to blocking of the CeO2
surface by Cu2O.
To conclude, ball milling has proven to be a successful, sim-
ple, and low-cost method to synthesize CuO-CeO2 catalysts for
preferential oxidation of CO in the presence of H2.
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